Suprasubduction-zone ophiolites have been recognized in the geologic record for over thirty years. These ophiolites are essentially intact structurally and stratigraphically, show evidence for synmagmatic extension, and contain lavas with geochemical characteristics of arc-volcanic rocks. They are now inferred to have formed by hinge retreat in the forearc of nascent or reconfi gured island arcs. Emplacement of these forearc assemblages onto the leading edge of partially subducted continental margins is a normal part of their evolution. A recent paper has challenged this interpretation. The authors assert that the "ophiolite conundrum" (seafl oor spreading shown by dike complexes versus arc geochemistry) can be resolved by a model called "historical contingency," which holds that most ophiolites form at mid-ocean ridges that tap upper-mantle sources previously modifi ed by subduction. They support this model with examples of modern mid-ocean ridges where suprasubduction zone-like compositions have been detected (e.g., ridge-trench triple junctions).
INTRODUCTION
Ophiolites are distinct assemblages of ultramafi c, mafi c, and felsic igneous rocks, commonly associated with siliceous pelagic sediments (cherts), that have long been recognized as important components of mountain belts worldwide (Steinmann, 1906; Hess, 1955) . In the 1960s, this assemblage was proposed to represent oceanic crust formed at mid-oceanic spreading centers, a concept that became central to the new theory of plate tectonics (Gass, 1968) . A compelling aspect of this proposal was the recognition of sheeted dike complexes in some ophiolites that implied formation by 100% extension (e.g., Troodos; Oman), consistent with the new concept of seafl oor spreading in ocean basins (Moores and Vine, 1971) . Dedicated campaigns of deep-ocean drilling, dredging, and seismic-refraction surveys confi rmed the similarity of oceanic crust to ophiolites, although there were differences in detail. As a result, this paradigm became entrenched within the scientifi c community-especially among those who did not work on ophiolites.
Suprasubduction-zone ophiolites have been recognized in the geologic record for over three decades (Miyashiro, 1973; Pearce et al., 1984; Shervais and Kimbrough, 1985) . These ophiolites are made up of plutonic rocks and lavas with the mineralogical and geochemical characteristics of arc-plutonic and arc-volcanic rocks, and they are petrologically and chemically distinct from igneous rocks formed at modern spreading centers in the major ocean basins. In general, suprasubduction-zone ophiolites are intact structurally and stratigraphically and show evidence for nearly 100% extension. Such ophiolites are now inferred to have formed primarily by hinge retreat in the forearc of nascent or reconfi gured island arcs, a model derived from studies of Cenozoic subduction systems in the western Pacifi c ( Fig. 1 ; Hawkins et al., 1984; Stern and Bloomer, 1992; Bloomer et al., 1995; Hawkins, 2003) . Emplacement of these forearc assemblages onto the leading edge of partially subducted continental margins (Tethyan ophiolites) or exposure by accretionary uplift along an active plate margin (Cordilleran ophiolites) is a normal part of their evolution (e.g., Shervais, 2001) . Several recent papers have discussed the development of suprasubduction-zone ophiolite models, their genesis, and tectonic implications, most notably Shervais (2001) , Dilek (2003) , Pearce (2003) , Hawkins (2003) , and Flower (2003) . Moores et al. (2000) challenged the suprasubduction interpretation of ophiolite genesis. These authors assert that the "ophiolite conundrum" (seafl oor spreading shown by dike complexes versus arc geochemistry) can be resolved by a model called "historical contingency," which holds that most ophiolites are formed at mid-ocean ridges that tap upper-mantle sources previously modifi ed by subduction. They support this model with examples of subduction-zone reversal, which place oceanic spreading centers above lithosphere previously modifi ed by subduction (i.e., the Woodlark basin), with examples of modern mid-ocean ridges where suprasubduction zone-like compositions have been detected (e.g., ridge-trench-trench triple junctions), with models of mantle convection that show recycling of oceanic lithosphere on grand scale, and with a discussion of the isotopic components found in ocean-island basalts (OIBs) . Moores et al. (2000) also suggest that differences observed in the structural preservation of ophiolites result from distinct spreading environments, not from their subsequent emplacement. Thus, ocean crust and ophiolites formed at slow spreading centers are highly faulted and commonly have volcanic rocks juxtaposed against serpentine, whereas ocean crust and ophiolites formed at fast spreading centers tend to be stratigraphically intact and lack the extreme structural attenuation found in slow spreading ocean crust . Examples of slow spreading ophiolites would include those in the Western Mediterranean (Apennines); examples of fast spreading ophiolites would include Troodos and Oman.
We suggest that the historical contingency model is fl awed for several reasons: (1) the major-and trace-element compositions of magmatic rocks in suprasubduction-zone ophiolites strongly resemble rocks formed in primitive island-arc settings and exhibit distinct, consistent differences from rocks formed at mid-ocean-ridge spreading centers; (2) slab-infl uenced compositions reported from modern ridge-trench triple junctions and subduction reversals are subtle and/or do not compare favorably with either modern subduction zones or suprasubduction-zone ophiolites; (3) crystallization sequences, hydrous minerals (hornblende), miarolitic cavities, and reaction textures in suprasubduction-zone ophiolites imply crystallization from magmas with high water activities, rather than mid-ocean-ridge magmatic systems; (4) many suprasubduction-zone ophiolites are overlain by evolved lavas and volcaniclastic rocks that typically are not counted as part of the ophiolite, (5) models of whole Earth convection, subduction recycling, and OIB isotopic compositions ignore the fact that these components represent the residue of slab melting, not the low fi eld strength element-enriched component found in active arc-volcanic suites and suprasubduction-zone ophiolites; and (6) the isotopic components are indicative of mantle heterogeneities (related to subduction recycling) observed in modern mid-ocean-ridge basalts (MORBs), but, in contrast to the prediction of the historical contingency model, these basalts do not exhibit suprasubduction zone-like geochemistry.
In the following sections, we present a more comprehensive review of the historical contingency model and its implications, and then we present detailed evidence that rebuts this proposal. We conclude that several processes can account for ophiolites, including formation at mid-ocean ridges, but that most large, structurally intact ophiolites with suprasubduction-zone geochemical signatures must have formed above active subduction zones. We further suggest that a more appropriate formulation of the "ophiolite conundrum" is this:
Given that many, if not most, ophiolites have geochemical and petrologic signatures consistent with formation above active subduction zones, under what circumstances does this setting result in rock associations and structures consistent with those observed in ophiolites?

THE "OPHIOLITE CONUNDRUM" AND "HISTORICAL CONTINGENCY"
The "ophiolite conundrum" poised by Moores et al. (2000) addresses the structural and stratigraphic evidence in ophiolites that suggests formation by nearly 100% extension, which they suggest is uniquely characteristic of oceanic spreading ridges, and the overwhelming geochemical and petrologic evidence that these same rocks formed above subduction zones. Or as they state it: "This geochemical and petrologic evidence stands in strong contrast with evidence-from both the structure within Tethyan ophiolite complexes and the paleogeographic environments inferred from surrounding and overlying sedimentary deposits-that these ophiolites originated well away from any type of subduction-related activity" (Moores et al., 2000, p. 4) . As stated, the conundrum implies that the structural and sedimentary associations found in these ophiolites are inconsistent with any type of arc environment, and that this evidence is more compelling than the geochemical and petrologic evidence (see Pearce [2003] for a discussion Bayesian decision methods as applied to the ophiolite conundrum).
Ophiolites have long been used as natural laboratories for studying processes related to mid-ocean-ridge spreading and the generation of oceanic basalts. Thus, the ophiolite conundrum is an issue primarily to those who make direct correlations between the structural architecture of ophiolites and ocean crust formed at mid-ocean-ridge spreading centers. Nonetheless, the historical contingency hypothesis has implications beyond these correlations (which may, in any event, provide robust models despite the different origins inferred for ophiolites and ridges).
What is at stake in resolving the ophiolite conundrum? The heart of the issue is how we interpret the ophiolite record, in particular, with regard to paleotectonic reconstructions. Moores Stern and Bloomer, 1992; Bloomer et al., 1995; Shervais, 2001) . (A) Subduction initiates along transform margin, juxtaposing young, thin (hotter) oceanic lithosphere against older, thicker (cooler, more dense) oceanic lithosphere. (B) Initiation of a new subduction margin generates suprasubduction-zone (SSZ) oceanic crust in a nascent forearc by extension and magmatism in response to slab sinking and hinge rollback. (C) Stabilization of an island-arc crust by continued subduction. (D) Rifting and reconfi guration of the arc generates suprasubductionzone oceanic crust by spreading in a narrow back-arc basin in response to continued hinge rollback. (E) Back-arc basin widens as hinge rollback continues. Solid arrows are motion vectors of the subducting slab; dashed arrows denote migration of asthenosphere into space created by sinking slab and hinge rollback. In panels C-D, dashed outline denotes regions of hotter mantle beneath the regions of active arc and backarc magmatism (after Weins and Smith, 2003) . AM-astheospheric mantle, LM-lithospheric mantle, MORB-mid-ocean-ridge basalt. et al. (2000) specifi cally addressed Tethyan ophiolites in developing the historical contingency model; however, their model has gained attention not only with regard to Tethyan ophiolites (Barth et al., 2003; Liati et al., 2004; Beccaluva et al., 2004) but also with regard to ophiolites from a much broader temporal and geographic context (e.g., Moores, 2002 Moores, , 2003 Saltus et al., 2003; Maxeiner et al., 2005) .
The historical contingency model of Moores et al. (2000) consists of several disparate elements that must be discussed and understood separately. In its simplest proposition, Moores et al. state, " We propose a model wherein the nature of mantle tapped at mid-oceanic ridges has varied in the past in response to prior tectonic history of a region and/or the mantle" (Moores et al. 2000, p. 4) . They suggest several mechanisms that may affect mantle source regions such that magmas formed at midocean ridges, both current and ancient, carry the geochemical signature typical of modern subduction-zone magmas. These mechanisms include asthenosphere modifi ed by previous subduction events, formation of slab windows where ridges are subducted orthogonally or obliquely, the subducted slab component carried by old plates, and isotopically distinct components found in ocean-island basalts.
Suprasubduction Geochemistry in Basalts from Active Mid-Ocean Ridges
In support of their model, Moores et al. (2000) point to two modern plate confi gurations where mantle modifi ed by recent or active subduction could contaminate the source region of an active mid-ocean-ridge spreading center. One confi guration involves seafl oor spreading over a region of asthenospheric mantle previously modifi ed by subduction fl uids, e.g., asthenosphere that recently resided in the mantle wedge region of a now extinct subduction zone. The clearest recent example of this is the Woodlark basin in the southwest Pacifi c, where collision of the Ontong Java plateau with the Solomon arc stalled subduction along the NE margin of the arc and caused inception of a new, NE-dipping subduction zone along the SW margin of the arc (Taylor and Exon, 1987; Perfi t et al., 1987; Staudigel et al., 1987; Crook and Taylor, 1994; Johnson et al., 1987; Muenow et al., 1991) . Thus, the Woodlark spreading center is a former back-arc basin that is now being subducted beneath the Solomon arc. This setting is complicated by the fact that the Woodlark spreading center is being subducted orthogonally, opening a slab window within the trench that could allow subduction components to migrate into the upper plate, as discussed subsequently.
A second confi guration is ridge-trench-trench triple junctions that mark the intersections of active mid-ocean-ridge spreading centers with active subduction zones. Modern examples include the Woodlark , Chile (Klein and Karsten, 1995) , and Juan de Fuca (Cousens et al., 1995) spreading ridges, and such confi gurations must have been common in the past (Klein and Karsten, 1995) . Ridge subduction opens a slab window in the subducted plate because spreading continues prior to ridge subduction but stops once the ridge has been subducted. Formation of this slab window may allow communication between subduction-modifi ed asthenosphere and asthenosphere sources beneath the active spreading center prior to its subduction (Klein and Karsten, 1995; Cousens et al., 1995) . This communication may result in magmas derived from an active spreading center that carry a subduction-like chemical and isotopic compositional component (Klein and Karsten, 1995) . Each of these ridges (Chile, Woodlark, and Juan de Fuca) was cited by Moores et al. (2000) as an example of modern mid-ocean ridges where suprasubduction-zone geochemical signatures have been detected. We address these examples and their signifi cance to the suprasubduction-zone ophiolite debate later in the paper. (Zindler and Hart, 1986; Hart, 1988; Hofman, 1997) . PREMA and DMM represent, respectively, the predominant isotopic composition of the mantle and the depleted, MORB-source asthenosphere. HIMU, EM1, and EM2 isotopic compositions record the recycling of altered oceanic lithosphere (including continent-derived sediments) and/or continental lithosphere (including subduction-modifi ed subcontinental lithospheric mantle) into the mantle either directly via subduction or potentially during entrainment of continental lithosphere during continental rifting. Moores et al. (2000) presented numerical models of mantle dynamics suggesting that trace chemical and isotopic heterogeneities related to subduction of oceanic lithosphere may persist on extremely long time scales. After Kellogg et al. (1999) , they suggest that this subducted slab material accumulates in the mid-mantle region around 1500 km depth and that later it may be recycled and mixed into the overlying MORB-source asthenosphere, thus introducing a "subduction component" into normal mid-ocean-ridge basalts. Moores et al. (2000) further suggest that perturbations of the deeper mantle heterogeneities may be linked to cycles of continental assembly and dispersion (Wilson cycles), leading to periods during Earth history when increased mantle plume activity carries subduction-modifi ed mantle into the zone of MORB production.
An implication or unstated assumption of the historical contingency model is that when partial melting beneath midocean-ridge centers taps mantle regions that carry isotopic evidence of subduction recycling, the resulting basalts should carry suprasubduction-zone trace-element signatures. This assumption is testable with geochemical and isotopic data from modern mid-ocean-ridge basalts, much of it published over the last decade. In the following sections, we present data from modern ocean basins, including both mid-ocean ridges and suprasubduction zones, from well-studied examples of the ophiolite record, and from modern ridges with suprasubduction zone-like compositions, and we use those data to evaluate the historical contingency model and its impact on interpretations of the ophiolite record.
GEOCHEMISTRY OF MODERN MID-OCEAN-RIDGE AND SUPRASUBDUCTION-ZONE MAGMATIC ROCKS
An empirical relation between the composition of modern magma suites and tectonic setting was recognized soon after the emergence of the modern plate tectonic theory. Over the ensuing decades, much research has led to an understanding of the basic petrologic processes underlying these relationships. Magmatism in the modern ocean basins can be considered to represent four major types: normal mid-ocean-ridge basalts (N-MORB), enriched mid-ocean-ridge basalts (E-MORB), within-plate or ocean-island basalts (OIB), and suprasubduction-zone magmas. Basaltic compositions dominate N-MORB, E-MORB and OIB suites; by contrast suprasubduction-zone suites are compositionally more diverse, ranging from basalt to more evolved compositions, and their plutonic equivalents, and they may include unusual lava compositions like boninites and adakites. Back-arc basin magmas form above subduction zones, but their compositions are most similar to mid-ocean-ridge basalts when these basins are relatively mature.
Boninites are high-Si, high-Mg andesites that are found only in primitive or nascent arc terranes (e.g., Crawford and Falloon, 1989) . Boninites are most commonly found, along with low-K tholeiites and felsic differentiates, in forearc terranes that represent the extended basement upon which some modern arcs are built, e.g., the Izu-Bonin arc, the Marianas, and the Cape Vogel arc (Hickey and Frey, 1982; Bloomer and Hawkins, 1983; Walker and Cameron, 1983; Crawford and Falloon, 1989; Stern et al., 1991) . These formed during rapid extension of the crust over a nascent subduction zone, prior to the establishment of modern arcs (Fig. 1B) . Other boninites appear to form when a mantle plume or propagating back-arc basin rift extends into the forearc region of a modern arc (e.g., Deschamps and Lallemand, 2003) . In all cases, experimental data suggest that boninites represent partial melts of highly depleted previously melted mantle, in response to high fl uid fl ux from the subducting slab (e.g., Falloon and Danyushevsky, 2000; Flower, 2003; Van der Laan et al., 1989; Umino and Kushiro, 1989) . The high fl uid fl ux lowers the solidus of the refractory, enstatite-rich mantle; the resulting melts are rich in silica and MgO because enstatite (which is rich in both elements) dominates the melting assemblage. As a result, subarc lithosphere is dominated by a residual refractory mantle of harzburgite composition, not lherzolite. In contrast, suboceanic lithosphere is dominated by lherzolite (diopside-bearing peridotite), which represents smaller degrees of partial melting of the MORB asthenosphere source (Dick, 1989) .
Major-Element Compositions of Mid-Ocean-Ridge and Suprasubduction-Zone Basalts
Oceanic basalts formed at normal or enriched mid-oceanicridge segments and ocean-island basalts formed within oceanic plates or on plume-enhanced ridge segments are characterized by a limited range in silica contents, moderate to high TiO 2 concentrations, and by tholeiitic fractionation trends. Table 1 compares the average compositions (along with minimum, maximum, and standard deviation) of over 2499 mid-ocean-ridge and 545 backarc basin volcanic rocks from the PETDB database (Lehnert et al., 2000) to 1335 analyses from the Georoc database of basalts from primitive arcs that may be analogous to ophiolites (Mariana and Tonga arcs). The PETDB MORB database includes samples from slow (Indian ridge, Mid-Atlantic Ridge), intermediate (Juan de Fuca Ridge) , and fast (East Pacifi c Rise) spreading centers. The contrasting compositions are highlighted in Figure 2 , which compares the silica and TiO 2 concentrations of these suites.
A few lavas from the MORB database exhibit extreme compositions, but, in general, the data defi ne groups with consistent geochemical characteristics. Silica is uniformly low (48-52 wt% SiO 2 ), with little variation (mean ≈ 50 wt%; sigma ≈ 1%); less than 2.5% of the data exceeds 52 wt% SiO 2 , and in no case does silica exceed 65 wt% SiO 2 (Table 1; Fig. 2A ). Basalts from mature back-arc basins have similar silica modes (Table 1 ; Fig. 2B ). In contrast, volcanic rocks from primitive island arcs have a wide range in silica contents, with modes near 52 wt% SiO 2 ; almost half of the data has silica >52 wt% SiO 2 (Table 1 ; Fig. 2C ). Data for TiO 2 present a similar picture: MORB values range in TiO 2 from ~0.5 wt% to 3.6 wt%, with a mode around 1.6 wt% TiO 2 (Fig. 2D) . Back-arc basin basalts have slightly lower modes (≈1.3 wt% TiO 2 ), while arc-volcanic rocks have TiO 2 modes around 0.9 wt% (Fig. 2E ). More than 90% of arcvolcanic rocks have TiO 2 less than 1.4 wt%, whereas more than 80% of all ridge basalts have TiO 2 greater than 1.2 wt% (Fig. 2F) .
The major-element data reviewed here, along with those contained in the databases but not discussed here, show that midocean-ridge basalts exhibit a restricted range in major-element concentrations, which are confi ned almost exclusively to compositions that would be defi ned as tholeiitic basalts. More evolved compositions do occur, e.g., the recently described dacite samples on the Pacifi c-Antarctic ridge at 55-65 wt% SiO 2 , which represent extreme fractionation of MORB parent magmas (Stoffers et al., 2002) . However, these evolved compositions are rare and do not represent a signifi cant fraction of the magmatic activity at mid-ocean-ridge spreading centers. Thus, if the evolved magmas found in suprasubduction-zone ophiolites are to be interpreted as mid-ocean-ridge dacite, these magmatic rocks should represent only a small fraction of the total volcanic record, which must be dominated by lavas with normal or enriched MORB compositions. In contrast, if suprasubduction-zone ophiolites represent primitive-arc volcanism, evolved magmas should be more common (up to half of all lavas), and the associated basalts should have arc tholeiite or calc-alkaline affi nities.
Trace-Element Signatures of Mid-Ocean Ridge and Suprasubduction-Zone Basalts
Potential problems with the stability of major-element concentrations during low-temperature hydrous metamorphism have long been recognized. As a result, most geochemical studies of submarine volcanic rocks in ophiolites have focused on the trace composition of the basaltic rocks, which carry the most stable information regarding magma source and, by inference, tectonic setting.
N-MORB, E-MORB, and OIB
Average N-MORB is often used as a reference when discussing the trace-element composition of oceanic magmas, including those from subduction settings. Compositional data for N-MORB rocks indicate a source depleted in incompatible trace elements relative to estimated primitive-mantle compositions. This source, referred to as depleted MORB mantle (DMM), is thought to reside in the shallow asthenosphere. Nd-Sr-Pb isotopic data suggest that DMM was formed during melt extraction events that occurred early in Earth history (Jacobsen and Wasserburg, 1980; O'Nions et al., 1977; Hofmann, 1997) .
A standard method for looking at the trace-element composition of oceanic basalts is the N-MORB-normalized spider diagram (Fig. 3) where trace elements are arranged from right to left in the order of increasing incompatibility with respect to mantle mineralogy. Average compositions for N-MORB, E-MORB, and OIB, taken from Sun and McDonough (1989) , are shown on Figure 3A. Relative to N-MORB, OIB is systematically enriched in the more incompatible trace elements (smooth slope on left side of Fig. 3A ). Ocean-island basalts are thought to be derived from a deeper, trace element-enriched mantle source, and they may refl ect a complex, multicomponent source that includes oceanic lithosphere recycled into the mantle by subduction. Average E-MORB is also enriched relative to N-MORB but to a lesser extent than OIB. The relative enrichments and depletions in oceanic basalts seen in the spider diagrams (Fig. 3A) can be conveniently illustrated using ratio-ratio plots such as the Nb/Yb versus Th/Yb plot (Pearce, 1982; Pearce et al., 1995) shown in Figure 3B . Such plots show the ratio of a more incompatible element (Nb, Th) and a less incompatible element (Yb); previous partial melting in a mantle source produces a decrease in both the Nb/Yb and Th/Yb ratios, while enrichments related to mantle plumes result in increases in both ratios. Thus, average N-MORB, E-MORB, and OIB magmas form a depletion-enrichment array on Nb/Yb versus Th/Yb plots.
Suprasubduction-Zone Basalts
The hallmark of suprasubduction-zone basaltic magma compositions is elevated concentrations of large ion lithophile elements (LILE: Cs, Rb, Ba, Th, K, Sr, Pb) relative to high fi eld strength elements (HFSE: Nb, Ta, Hf, Zr, Ti) (Wood, 1980; Saunders et al., 1980; Pearce, 1982; Pearce et al., 1984) . Subduction-zone models hold that fl uids and/or siliceous melts derived from the subducting oceanic slab carry high concentrations of LILE (±light rare earth elements [LREEs] ) that meta somatize the overlying mantle wedge and aid in lowering solidus temperatures. In addition to contributions from the slab itself (i.e., dehydration reactions in altered oceanic crust), subduction fl uids may carry elemental contributions from a variety of subducted sediments. HFSE and heavy (H) REE concentrations, on the other hand, are controlled primarily by the premetasomatism composition of the mantle wedge. Consequently, the trace-element signature of subduction-related magmas appears to be derived from three main sources: the subducted oceanic lithosphere, subducted sediment, and the mantle wedge overlying the subducting slab (Perfi t et al., 1980; Pearce, 1982; Arculus and Powell, 1986; Davidson, 1996) . Three samples from the South Sandwich Island arc are plotted (Pearce et al., 1995) in Figures 3C and 3D : a calc-alkaline basalt, a tholeiite basalt, and a low-K tholeiite basalt. Elevated concentrations of slab-derived components (Cs, Rb, Ba, Th, U, K, La, Ce, Pb, Sr) are superimposed on conservative mantle wedgederived components (Nb, Zr, Sm, Eu, Ti, Dy, Y, Yb, Lu), producing the distinctive pattern of by "spikes" and "troughs" that is characteristic of suprasubduction-zone basalts (Fig. 3C ). For the calc-alkaline basalt, the mantle wedge-derived components approximate N-MORB compositions, suggesting a mantle wedge with DMM composition (N-MORB normalized values for Nb, Nd-Lu ~ 1 in Fig. 3C ). The tholeiite basalt and a low-K tholeiite samples, however, have conservative mantle wedge-derived components more depleted than N-MORB (Fig. 3C) . A particular feature of these basalts is that the most incompatible mantlederived components (e.g., Nb) typically are more depleted than less incompatible mantle-derived components (e.g., Y, Yb). Such patterns cannot be produced by simple variations in the degree of partial melting and must represent a residual MORB mantle, i.e., one that has experienced a previous MORB melting event (Pearce and Parkinson, 1993) . The Nb/Yb versus Th/Yb plot provides a means for evaluating the mantle wedge contribution to the suprasubduction-zone basalt trace-element budget (Pearce, 1982) . Addition of subduction-derived fl uid to the mantle wedge increases the Th/Yb ratio, but not the Nb/Yb ratio, producing the subduction component vectors shown in Figure 3D . Extrapolation back along a subduction component vector provides an indication of presubduction composition of the mantle source.
Suggested tectonic settings for the generation of suprasubduction-zone ophiolites include back-arc basins, rifted island arcs (the initiation of back-arc basin formation), and magmatic "forearcs" that form above nascent, retreating intraoceanic trenches ( Fig. 1) . In Figure 4 , we have plotted forearc, arc, and back-arc trace-element data for magmatic rocks from three modern oceanic subduction zones: Izu-Bonin-Mariana, New BritainManus, and Lau-Tonga. All of the samples in the data set have basalt or basaltic andesite compositions and classify as low-K tholeiites or boninites. The Izu-Bonin-Mariana data set includes Eocene-age forearc basalt and gabbro formed during initiation of subduction (Bloomer et al., 1995) , Quaternary basalts from the active arc (Elliott et al., 1997) , and Quaternary basalts from the active back-arc spreading ridge (Mariana Trough: Tian et al., 2005; Pearce et al., 2005) . The New Britain-Manus data set (Woodhead et al., 1998) includes trench proximal (forearc) and arc basalts from New Britain and back-arc basalts of the active Manus spreading ridge, all Quaternary in age. The Lau-Tonga data set includes Miocene forearc basalt and gabbro formed during initiation of subduction, modern basalts from the active Tonga arc, and Pliocene to Quaternary basalts from the western Lau back-arc basin (Ewart et al., 1994) .
Variations in the compositions of suprasubduction-zone basalts can be attributable to two effects: (1) differences in the magnitude of the subduction fl ux of LILEs and (2) vertical and/or lateral variations in the composition of the mantle wedge that control HFSEs (Taylor et al., 1992) . The data in Figure Figs. 4C and 4D 
OPHIOLITE GEOCHEMISTRY
We have compiled whole-rock geochemical data from eight well-studied ophiolites to illustrate the range of compositions expressed in the ophiolite record. Concentrations of the major elements are shown in Figure 5 and summarized in Table 2 for complete summary of major elements in these ophiolites. Table 3 .
Tethyan ophiolites are represented by the Cretaceous Troodos ophiolite (Robinson et al., 1983; Robinson and Malpas, 1990; Malpas and Langdon, 1984; Cameron, 1985; Rautenschlein et al., 1985; Laurent, 1992; Baragar et al., 1990) , the Cretaceous Oman ophiolite (Glennie et al., 1974; Alabaster et al., 1982; Lippard et al., 1986; Ernewein et al., 1988; Rochette et al., 1991; Nehlig, 1993; Ishikawa et al., 2002) , and the Triassic Argolis (Pindos basin) ophiolite (Saccani et al., 2003) . Cor dillera ophiolites are represented by the Silurian-Devonian Trinity ophiolite (Wallin and Metcalf, 1998; Metcalf et al., 2000) and the Jurassic Josephine ophiolite (Harper, 2003a (Harper, , 2003b . The Ordovician Bay of Islands ophiolite (Jenner et al., 1991) and the Ordovician Betts Cove ophiolite (Bedard et al., 1998; Bedard, 1999) represent Appalachian (Iapetus) ophiolites. The Miocene Macquarie Island ophiolite (Kamenetsky et al., 2000; Varne et al., 2000) is from the southwest Pacifi c Ocean. The data set includes examples of ophiolites with clear suprasubduction zone compositions (Trinity, Betts Cove, Troodos), ophiolites with mixed suprasubduction-zone and MORB compositions (Josephine, Oman, Bay of Islands), and ophiolites with MORB compositions (Argolis, Macquarie Island).
Suprasubduction-Zone Compositions in Ophiolites
The Trinity, Betts Cove, and Troodos ophiolites all show similar suprasubduction-zone compositions. All three ophiolites exhibit a broad range of silica compositions dominated by basalt to basaltic andesite, but they also include more silica-rich dacite and rhyolite compositions. The basaltic rocks are low in titanium-typically less than 1.2 wt% TiO 2 -and are classifi ed as low-K tholeiites to boninites ( Fig. 5 ; Table 2 ). In general, the HFSEs are more depleted than N-MORB, with Nb/Yb ratios at Metcalf et al. (2000) , Bedard (1999) , Robinson et al. (1983) , Robinson and Malpas (1990) , Malpas and Langdon (1984) , Cameron (1985) , Rautenschlein et al. (1985) , Laurent (1992) , Baragar et al. (1990) , Harper (2003a Harper ( , 2003b , Alabaster et al. (1982) , Lippard et al. (1986) , Einaudi et al. (2000) , Jenner et al. (1991) , Saccani et al. (2003) , Kamenetsky et al. (2000) . FeO*-total Fe as FeO. or less than N-MORB values, while LILE/HFSE ratios are elevated (Figs. 6A-6F). Data from these three ophiolites are most similar to modern forearcs and suggest melting of a residual MORB mantle enriched by subduction fl uids. Geologic constraints for both the Betts Cove and Trinity ophiolites are consistent with generation in a suprasubduction-zone forearc setting (Bedard, 1999; Metcalf et al., 2000) . Generation of the Troodos ophiolite has been ascribed to various suprasubduction-zone settings, including a forearc, a back-arc, or a marginal basin similar to the modern Andaman Sea (McCulloch and Cameron, 1983; Gass et al., 1984; Moores et al., 1984) . Indeed, it was the major-element geochemistry of Troodos volcanic rocks that led Miyashiro (1973) to challenge the mid-ocean-ridge origin of Troodos (see Cann [2003] and Robinson et al. [2003] , for discussions of the importance of Troodos in the development of the ophiolite concept). 
Mixed Suprasubduction Zone and Mid-Ocean Ridge Compositions in Ophiolites
The Josephine, Oman, and Bay of Islands ophiolites are all examples of ophiolites that exhibit both suprasubduction-zone and MORB geochemical signatures ( Fig. 5; Table 2 ). In the Josephine ophiolite, suprasubduction zone-like lavas are overlain by MORBlike lavas in the volcanic stratigraphy (Figs. 7A-7D position between two segments of a rifted Jurassic arc system and records spreading in an extensional back-arc setting where suprasubduction zone-like magmas give way to MORB-like magmas (Harper, 2003a (Harper, , 2003b , similar to that seen in the modern Lau Basin and Mariana Trough (Hawkins, 2003; Pearce et al., 2005 (Fig. 5) . The paleotectonic setting of the lower lavas in the Oman ophiolite remains controversial (e.g., Ernewein et al., 1988; Shervais, 2001) .
Although the Bay of Islands ophiolite exhibits both suprasubduction zone-like and MORB-like geochemical features (Figs. 6G-6H) , there is no clear stratigraphic sequence to the magma types (Jenner et al., 1991) . Overall, the ophiolite records a broad range of silica values with three modes, 48-55, 60-64, and 72-78 wt% SiO 2 (Table 3) (Figs. 6G-6H ), and several samples approximate E-MORB and OIB compositions. Generation of the Bay of Islands ophiolite has been ascribed to a back-arc basin (Jenner et al., 1991) .
Mid-Ocean-Ridge Compositions in Ophiolites
Ophiolites exhibiting strictly MORB geochemical signatures are rare and are known largely from thrust slices and mélange blocks in accretionary complexes. Tethyan ophiolites from the Eastern Mediterranean region provide the best record of MORB compositions in the ophiolite record. Saccani et al. (2003) reported MORB-like compositions from the Triassic Argolis ophiolite in Greece (Figs. 8A-8B ). The Argolis ophiolite is one of several ophiolitic massifs that provide a record of the Mesozoic Pindos ocean basin, which formed during rifting along the northern margin of Gondwanaland. The Triassic Argolis ophiolite massif provides a record of the early development of the Pindos basin. The Argolis ophiolite is dominated by basaltic compositions (45-51 wt% SiO 2 , with a few samples at ~60 wt%) and TiO 2 contents at 1.4-2.8 wt% (Saccani et al., 2003) . Trace-element ratios Th/Y-Nb/Y plot along the mantle depletion-enrichment array between N-MORB and E-MORB, albeit with slightly elevated Th/Yb ratios (Figs. 8A-8B ). Traceelement patterns on the spider diagram are transitional between N-MORB and E-MORB; element mobility is apparent in a few elements (e.g., K, U).
Macquarie Island is a slice of Miocene ocean fl oor that lies above sea level in the Southern Ocean south of Tasmania . It can be argued that Macquarie Island is not, strictly speaking, an ophiolite because it has not yet been emplaced into continental or arc crust. Some workers, however, have regarded Macquarie Island as an example of a MORB-type ophiolite (e.g., Dilek, 2003) ; we include it here as such. Ocean fl oor exposed on Macquarie Island was generated by spreading on the Australia-Pacifi c spreading ridge at 9-14 Ma, and it was exposed during transpression that formed the Macquarie Ridge in the last 10 m.y. Kamenetsky et al., 2000) . The Macquarie Island ophiolite is dominated by basaltic compositions (48-51 wt% SiO 2 ) with TiO 2 contents of 1-2 wt%. Basalts from Macquarie Island are highly enriched in incompatible trace elements, ranging from compositions equivalent to average E-MORB to compositions more enriched than OIB, and they plot along the depletion-enrichment array on the ratioratio plot (Fig. 8D) . Trace-element patterns on the spider diagrams closely parallel those of average E-MORB and average OIB (Fig. 8C) .
ANOMALOUS "SUPRASUBDUCTION ZONE-LIKE" BASALTS AT ERUPTED MID-OCEAN RIDGES
A major thrust of the historical contingency model focuses on examples of modern mid-ocean ridges where "suprasubduction zone-like" trace-element signatures have been reported. Each of these examples represents a ridge-trench-trench triple junction where an active spreading ridge intersects an active subduction zone, potentially permitting communication of MORB and suprasubduction-zone mantle source regions via a slab window. Three such examples were discussed by Moores et al. (2000) : the Chile Ridge (Klein and Karsten, 1995; Karsten et al., 1996; Sturm et al., 1999 Sturm et al., , 2000 , the Juan de Fuca Ridge (Cousens et al., 1995) , and the Woodlark spreading center Staudigel et al., 1987) . Klein and Karsten (1995) fi rst reported suprasubduction zone-like trace-element signatures for basalts collected from four active segments of the Chile Ridge adjacent to the ridge-trenchtrench with the Andean subduction zone. Subsequent papers (Karsten et al., 1996; Sturm et al., 1999 Sturm et al., , 2000 have reported Sr-Nd-Pb isotopic data and discussed the occurrence in the context of the ophiolite conundrum. Trace-element data for the Chile Ridge are shown in Figures 9A and 9B . Enrichments of LILEs (Cs, Rb, Ba, Th, K, Pb, and Sr) are evident on both the Th/Y-Nb/Y ratio plot and the spider diagrams, superimposed on mantle components that vary from slightly depleted N-MORB to E-MORB. A few samples show, relative to average N-MORB, a weak Nb negative anomaly and a slight enrichment of LILE. Samples at the other end of the spectrum show, relative to E-MORB, slight enrichments in LILEs that also produce a weak negative Nb anomaly. Although present, the suprasubduction-zone signature in Chile Ridge basalts is subtle when compared to that of either modern subduction zones or the suprasubduction-zone ophiolite record (cf. Figs. 9A and 9B to Figs. 6, 7, and 8). Cousens et al. (1995) reported geochemical and isotopic data from the West Valley segment of the Juan de Fuca Ridge near the ridge-trench-trench junction with the North American plate. Trace-element patterns on the spider diagrams parallel those of E-MORB and show no enrichment in LILEs relative to HFSEs (Fig. 9C) . On the Th/Y-Nb/Y ratio plot, the Juan de Fuca data plot along the enrichment-depletion centered on E-MORB (Fig. 9D) . Cousens et al. (1995) used Nd-Sr-Pb isotopic compositions to evaluate mantle source regions and found evidence of a heterogeneous source formed by mixing of DMM and HIMU components. This locality provides no evidence for a suprasubduction zone-like component at an active mid-ocean-ridge spreading center because there is very little about the composition of these basalts that are suprasubduction zone-like. The Juan de Fuca data do provide additional evidence that mantle source regions modifi ed by subduction recycling do not necessarily give rise to basalts with suprasubduction zone-like trace-element compositions.
Chile Ridge
Juan de Fuca Ridge
Woodlark Basin
Perfi t et al. (1987) and Staudigel et al. (1987) reported geochemical data for recent basalts collected from the active Woodlark basin spreading ridge. In addition to its position at a ridge-trench-trench triple junction, recent subduction reversal places the Woodlark spreading ridge over mantle that has formerly been modifi ed by subduction processes Staudigel et al., 1987) . Woodlark basalts have Nb/Yb ratios similar to N-MORB, and some samples show slightly elevated Th/Yb ratios; trace-element patterns on the spider diagram approximate 
MANTLE HETEROGENEITY: TRACE-ELEMENT AND ISOTOPIC VARIATIONS IN MODERN MID-OCEAN-RIDGE BASALTS
A main thesis of the historical contingency model is that mantle source regions exhibit long-lived heterogeneities related to prior history, specifi cally the recycling of oceanic lithosphere into the mantle via subduction. The model further suggests that while modern mid-ocean ridges primarily tap DMM mantle sources, past mid-ocean ridges may have tapped subductionmodifi ed mantle heterogeneities, thus making geochemical data unreliable as an indicator of tectonic setting and by inference ophiolite discrimination. Early recognition of subductionmodifi ed mantle heterogeneities was found largely in iso topic data from ocean-island and plume related basalts (Zindler and Hart, 1986; Hart, 1988) as noted by Moores et al. (2000) . An unstated assumption of the historical contingency model is that partial melting of mantle regions carrying isotopic evidence of subduction recycling would produce basalts that carry suprasubduction-zone trace-element signatures.
It is widely recognized that magmas erupted at modern midocean ridges are quite variable in terms of both trace-element and isotopic composition. These variations largely refl ect source hetero geneities and are observed at both regional (ocean basin) and local (single ridge segment or adjacent ridge segments) scales. Isotopic data point to subduction recycling as a major contributor to MORB source heterogeneity, including most of the isotopic components identifi ed in the historical contingency model (e.g., HIMU, EMI, EMII). Thus, a test of the historical contingency model can be found in trace-element data from modern mid-ocean-ridge basalts that carry isotopic evidence of subduction contamination of their mantle source regions. In the following sections, we review data from several recent traceelement and isotopic studies of mid-ocean-ridge basalts. Despite trace-element and isotopic evidence for a heterogeneous source related to recycled (subducted) oceanic lithosphere, these basalts bear little resemblance to basalts from either modern subduction zones or the suprasubduction-zone ophiolite record.
North Chile Ridge
Recent basalts from the North Chile ridge (latitude 37-39°S; Bach et al., 1996) provide an example of mid-ocean-ridge basalts that have more depleted compositions than average N-MORB (Fig. 10) . These data show a depletion in the most incompatible trace elements (Rb to Nb; Fig. 10A ) and, in particular, a depletion in Nb relative to other HFSEs (e.g., Zr, Hf, Y, Yb). The depleted nature of these basalts relative to average N-MORB is particularly apparent in the Th/Yb-Nb/Yb ratio plot (Fig. 10B) . Bach et al. (1996) attributed this depletion to prior removal of a low melt fraction from the N-MORB source mantle within the last few million years. Dynamic melting, i.e., episodic melt extraction from a common source during a single protracted melting event, is capable of producing magmas from a common source that exhibit varying degrees of depletion (Pearce et al., 1995) . NdSr-Pb isotopic data (Bach et al., 1996) suggest mixing of DMM, EMII, and possibly HIMU mantle reservoirs (Figs. 10C-10D ).
East Pacifi c Rise
Recent basalts from the northern East Pacifi c Rise (latitude 10-11°N; Niu et al., 1999; Regelous et al., 1999 ) exhibit a complete range of compositions between N-MORB and E-MORB (Figs. 11A-11B ). On the ratio-ratio plot, data plot clearly along the mantle depletion-enrichment array, where the majority of samples are slightly more enriched than N-MORB (Fig. 11B) . Correlations among trace-element ratios and Nd-Sr-Pb isotopic ratios point to mixing of two mantle components, one more trace element-depleted and one more trace element-enriched (Niu et al., 1999) . Both mantle components are linked to recycled oceanic lithosphere-the depleted source to subducted lithospheric mantle and the enriched component to subducted oceanic crust (Niu et al., 1999) . The Nd-Sr-Pb isotopic compositions of basalts along this section of the East Pacifi c Rise represent a mixture of DMM and EMII mantle reservoirs (Niu et al., 1999) , although component HIMU mantle cannot be ruled out.
South Atlantic Ridge
The South Atlantic Ridge was formed by rifting of continental lithosphere. Trace-element data (le Roux et al., 2002) for a suite of basalts collected from several segments of the active South Atlantic Ridge (latitude 40-52.5°S) show considerable variation but can be broadly divided into two groups (Figs. 12A-12B ), an N-MORB group (fi lled squares) and a group that trends toward more enriched compositions, overlapping E-MORB (open squares). Although both groups show slightly elevated Th/Yb ratios, more pronounced in the N-MORB group, the data generally plot along the mantle depletion-enrichment array on the Th/Y-Nb/Y ratio plot and exhibit clear N-MORB and E-MORB patterns on the spider diagrams. Nd-Sr-Pb isotope data for the South Atlantic Ridge basalts provide evidence of a heterogeneous mantle source (le Roux et al., 2002) . These data suggest mixing of DMM, EMI, EMII, and/or HIMU isotopic components in the mantle source the South Atlantic Ridge (Figs. 12C and 12D) . le Roux et al. (2002) interpreted these iso topic signatures to refl ect the infl uence of (1) altered oceanic lithosphere and pelagic sediment recycled to the shallow mantle via plumes, (2) remnants of delaminated subcontinental lithospheric mantle, and (3) Mesozoic suprasubduction metasomatism of mantle beneath Gondwanaland prior to opening of the South Atlantic. Trace-element variations discussed previously correlate closely with the observed isotopic variations, providing a link between trace-element compositions and mantle heterogeneities related to subduction recycling (le Roux et al., 2002) .
Australian-Antarctica Discordance
A section of the Southeast Indian Ridge between the rifted margins of Australia and Antarctica marks the boundary between Indian-type and Pacifi c-type mantle domains and has been referred as the Australian-Antarctica discordance. Pyle et al. (1992) used isotopic data to map the location of the Australian-Antarctica dis- cordance along the active spreading ridge and recognized several components in the mantle sources. Subsequent work (Pyle et al., 1995) used older ocean fl oor basalts to confi rm the existence of the Australian-Antarctica discordance during the opening of the ocean basin between Australia and Antarctica and to map its late Mesozoic-Cenozoic migration. The isotopic composition of Pacifi ctype MORB refl ects a mixture of DMM and HIMU mantle components (Pyle et al., 1992) . The isotopic composition of Indian-type MORB is more complex and requires mixing of DMM, HIMU, and EMI components (Pyle et al., 1992) . Trace-element data (Pyle et al., 1992 (Pyle et al., , 1995 for the Australian-Antarctica discordance are shown in Figures 13A and 13B Figures 13C and 13D , only for Holocene (active ridge) basalts, are consistent with mixing of DMM, HIMU, and EMI components (Pyle et al., 1992) .
Red Sea
The Red Sea provides an example of seafl oor spreading in a nascent ocean basin (younger than 5 Ma) formed by continental rifting (Volker et al., 1997) . Trace-element and isotopic data for basalts collected from the Red Sea region are shown in Figures 14A and 14B and include samples from the axial rift zone (Ramad seamount, Hanish-Zukir Islands) and from the fl anks of the ocean basin (Hamdan and Jizan volcanic fi elds). Nd-SrPb isotope data provide evidence for a heterogeneous mantle source that includes mixing among several isotopic components (Figs. 14C-14D) . Volker et al. (1997) argued for mixing among a MORB-type mantle (DMM), an Afar plume component (HIMU), and an EMI-EMII hybrid component derived from continental lithosphere. Trace-element data for the Red Sea samples show mantle enrichments similar to E-MORB and OIB on both the spider diagram and the Th/Y-Nb/Y ratio plot (Figs. 14A-14B) .
ADDITIONAL EVIDENCE FOR A SUPRASUBDUCTION-ZONE ORIGIN FOR OPHIOLITES
Workers who prefer a mid-ocean-ridge origin for most or all ophiolites attempt to counter the suprasubduction-zone interpretation of ophiolite genesis by pointing to "...the inadequacy of geochemistry itself to determine the tectonic environment..." of individual an ophiolite (Moores, 2003, p. 26) . Such criticism attempts to cast reasonable doubt on the validity of geochemical interpretations. However, the suprasubduction-zone interpretation is not based solely on geochemical data on volcanic rocks but rather on a range of petrologic and geologic data, of which geochemistry is a major component. Next, we review three additional lines of evidence that support a suprasubduction-zone origin for much of the ophiolite record: evidence of wet magmas, the sedimentary cover on ophiolites, and the issue of ophiolite preservation. 
Evidence of Hydrous Magmas
Water plays a major role in petrologic models for the genesis and evolution of subduction-zone magmas, in contrast to waterpoor environment at mid-ocean ridges. As discussed already, aqueous fl uids derived from the subducting slab carry LILEs into the mantle wedge source of suprasubduction-zone basalts, lower solidus temperatures in the source, and trigger melting. Fractionation of these wet basalts in the lithosphere produces crystallization sequences in arc basalts that are in contrast to those observed in MORBs. In addition, the concentration of water vapor in the residual magma during fractionation may lead to the separation of a hydrous vapor phase (retrograde boiling) and the formation of miarolitic cavities in isotropic gabbros of the upper plutonic series (Fig. 15A) .
In MORB, the typical observed crystallization sequence is olivine/spinel > plagioclase > clinopyroxene ± orthopyroxene (Bryan, 1983; Pearce et al., 1984) . In arc basalts, the typical observed crystallization sequence is olivine/spinel > clinopyroxene/orthopyroxene > plagioclase > hornblende (Pearce et al., 1984; Cameron, 1985) . Experimental results for low-pressure (~2 kbar) crystallization of wet tholeiite (Sisson and Grove, 1993) confi rm the role of water in the production of the typical crystallization sequence in arc basalts. These experiments show that hydrous basalts crystallize olivine, clinopyroxene, and plagioclase (±spinel or magnetite); as magma chemistry evolves toward more siliceous composition, olivine, clinopyroxene, and An-rich plagioclase become unstable and react with the melt to form orthopyroxene, hornblende, and more Ab-rich plagioclase. Reaction textures with resorbed olivine, clinopyroxene, and An-rich plagioclase enclosed in hornblende oikocrysts are evidence of the crystallization of wet basalt and are reported in subduction-related magma systems.
In the ophiolite record, crystallization sequences can be determined from phenocryst assemblages in the volcanic section and from cumulate sequences in the plutonic section. In suprasubduction-zone ophiolites, basal cumulate sequences are dominated by dunite, wehrlite, and clinopyroxenite overlain by pyroxene gabbro and hornblende gabbro (Fig. 15B) . Hawkins and Evans (1983) reported welldisplayed suprasubduction-zone cumulate sequences from the Zambales Range in the Luzon ophiolite. Thus, ophiolites with suprasubduction-zone geochemistry exhibit crystallization sequences (pyroxene before plagioclase) indicative of wet magmas (Table 3) . Hornblende gabbro is a volumetrically important constituent of suprasubduction-zone ophiolites and requires water-bearing magmas; in some cases, large, decimeter-scale hornblende crystallizes in the isotropic gabbros and diorites where water concentration is highest (Figs. 15C and 15D ). This evidence for hydrous magmas in suprasubduction-zone ophiolites places the geochemical data in a broader petrologic context. This evidence is in sharp contrast to crystallization sequences observed in modern MORB, where plagioclase appears before pyroxene and basal cumulates should be composed of dunite, troctolite, and anorthosite with hornblende as only a minor constituent (Pearce et al., 1984) . The MORB ophiolites reviewed here exhibit dry crystallization (plagioclase before pyroxene) sequences (Table 3) . 
Peridotite Mineral Chemistry: Evidence for Hydrous Melting
Peridotites form a signifi cant fraction of most ophiolite assemblages, but they are seldom as well studied as the crustal sections. There now exists a large body of data on both abyssal peridotites, dredged from oceanic fracture zones and other basement exposures, and suprasubduction-zone (forearc) peridotites, sampled from fault scarps on the leading edge of subduction complexes. Abyssal peridotites are dominantly lherzolite, consisting of olivine, enstatite, Cr-diopside, and aluminous spinel (e.g., Dick and Bullen, 1984; Dick, 1989; Johnson et al., 1990 ). In contrast, forearc peridotites consist largely of harzburgite, consisting of olivine, enstatite, and Cr-rich spinel, and dunite, consist ing of olivine plus chromite (Ishii et al., 1992; Parkinson and Pearce, 1998; Pearce, 2003) . In general, pyroxenes from abyssal peridotites are relatively rich in incompatible elements compared to pyroxenes from forearc peridotites, which have extremely low incompatible element concentrations.
Perhaps the most useful mineral, however, is spinel, which varies systematically in composition in response to melt extraction and is resistant to low-temperature alteration during serpentini zation; it is commonly the only primary phase remaining in highly serpentinized peridotites. Abyssal perid otites are characterized by relatively aluminous spinels, with Cr# (100 × Cr/[Cr + Al]) ranging from ∼10 to 59 (Fig. 16) , indicating limited melt extraction (Dick and Bullen, 1984; Dick, 1989) . In contrast, peridotites dredged from forearc regions are characterized by relatively Cr-rich spinels, with Cr# ranging from ~38 to 60 in harzburgites and ∼60 to 84 in dunites (Fig. 16) , indicating more extensive melt extraction in response to hydrous melting (Ishii et al., 1992; Parkinson and Pearce, 1998; Pearce, 2003) . The extremely high Cr# observed in many forearc peridotite spinels is also characteristic of spinels in highMg andesites and dacites, and other boninitic lavas. In general, spinels from perido tites associated with back-arc basins (e.g., Mariana Trough) have compositions similar to those from abyssal peridotites (e.g., Ohara et al., 2002) .
Spinel compositional data are not widely available for many ophiolite mantle sections, but the data available suggest that ophiolite peridotites fall into two groups: those with clear suprasubduction-zone affi nities and those with mixed MORBsuprasubduction-zone affi nities. Vourinos is dominated by suprasubduction-zone spinel compositions (Cr# 45-85; Konstantopoulou and Economou-Eliopoulos, 1990). Troodos is similarly dominated by suprasubduction-zone spinel compositions (Cr# 48-82; Hebert and Laurent, 1990; Georgiou and Xenophontos, 1990 ), but it also contains small domains of lherzo lite with spinel Cr# of 22-28 (Batanova and Sobolev, 2000) . The Lewis Hills massif in the Bay of Islands complex resembles Troodos and is dominated by suprasubduction-zone spinels with Cr# of 50-78, but it contains a geographically small domain of abyssal peridotite with spinel Cr# of 15-30 (Suhr and Edwards, 2000) . Oman shows the greatest variation, with peridotite spinel Cr# ranging from 21 to 67, where most values are greater than 40 (Le Mee et al., 2004) .
The signifi cance of the mixed domains is unclear because our database for forearc peridotites is relatively small, but the conclusions reached from peridotite spinel compositions are generally consistent with those derived from volcanic rock geochemistry. Ophiolites with volcanic rocks that indicate a suprasubductionzone origin are dominated by Cr-rich spinels with Cr# mostly >50 and few if any abyssal peridotite composition spinels. Ophiolites with mixed MORB-suprasubduction-zone volcanic sections are Dick and Bullen (1984) , Dick (1989) , Juteau et al. (1990) , Komor et al. (1990 ), Hellebrand et al. (2002 , Ohara et al. (2002) , Arai and Matsukage (1998) ; forearc peridotites- Parkinson and Pearce (1998) , Ishii et al. (1992) , Arai et al. (1990) , Franz et al. (2002) , Okamura et al. (2006); boninites-Falloon et al. (1989) , Van Der Laan et al. (1992) .
underlain by peridotites with a range of spinel compositions that refl ect both abyssal peridotite and forearc peridotite compositions, but even in these examples, high-Cr spinels characteristic of forearc peridotites are most common.
Sedimentary Cover
One major focus of the "ophiolite conundrum" is the cover of pelagic sediment, which is commonly, but not universally, associated with ophiolites. The crux of this argument is that the pelagic cover found on many ophiolites is inconsistent with formation of those ophiolites in or near an island-arc setting. The most common pelagic sediment associated with Mesozoic ophiolites is chert; indeed, chert was part of "Steinmann's Trinity" and until the 1972 Penrose conference on ophiolites was considered an essential part of ophiolite stratigraphy. These cherts are typically rich in radiolaria and are thought to represent the slow accumulation of radiolarian ooze on the seafl oor over several million years prior to obduction (e.g., Pessagno et al., 2000) .
Pure radiolarian cherts, with little or no clastic component, are generally restricted to the highly dismembered, incomplete fragments of oceanic crust found in accretionary complexes or some collision zones, for example, the Franciscan assemblage of California (Karl, 1984; Murchey and Jones, 1984) and ophiolites of the Western Mediterranean (Alps, Apennines; Bill et al., 2001) . These cherts contain abundant radiolaria and consist of nearly pure silica. They may also represent large time spans, e.g., Franciscan cherts of the Marin Headlands terrane in California, which represent ~30 m.y. of accumulation on the seafl oor (Murchey and Jones, 1984) . Ophiolites in the northern Apennines apparently formed close to a rifted continental margin (Rampone and Piccardo, 2000) , so only a limited age range is expected.
In contrast, cherts overlying many suprasubduction-zone ophiolites are rich in volcanic ash, and many are essentially altered tuffs. Cherts associated with the Coast Range ophiolite in California contain up to 18% alumina and minor radiolaria (Hopson et al., 1981) . In some Coast Range ophiolite locations, these altered tuffs are overlain by volcaniclastic sections up to 1.5 km thick with intercalated "radiolarian tuffs." Similarly, radiolarites overlying the Troodos ophiolite contain common ash layers and grade upward into calc-alkaline volcaniclastic strata of the Kanaviou Formation (e.g., MacLeod et al., 1990) . In Oman, tuffaceous chert overlies arc volcanics of the Alley unit and is overlain by ocean-island basalts of the Sahali volcanics. In the Josephine ophiolite, calc-alkaline volcaniclastic detritus is found as interpillow sediment in the volcanic section, showing its clear relationship to arc volcanism (Pessagno et al., 2000) . In all of these cases, sediments deposited on the ophiolite contain significant arc-derived detritus.
Recent work in the western Pacifi c (Fryer et al., 2000; Hawkins, 2003) has shown that the extensional forearc environments thought to characterize suprasubduction-zone ophiolite formation are generally not the locus of thick arc-derived sedimentation. There are two reasons for this. First, extensional forearcs associated with nascent subduction zones tend to be wide (150-300 km) with diffuse extension distributed across the width. The crust is thin and broken into a series of linear horsts and grabens parallel to the trench axis, which will trap clastic sediment near its source and prevent its distribution throughout the forearc (Fryer et al., 2000; Hawkins, 2003) . Second, nascent arcs lack a distinct volcanic front and an emergent arc edifi ce. As long as most volcanic activity occurs underwater, the distribution of ash and coarse volcaniclastic materials will be limited.
Preservation and Emplacement
The structural preservation of ophiolites relates in large part to their emplacement mechanics. Moores (1998) grouped ophiolites into two broad categories: Tethyan ophiolites and Cor dilleran ophiolites. Tethyan-type ophiolites (e.g., Oman, Troodos , Pindos, Vourinos, Muslim Bagh) are emplaced onto passive continental margins and are typically overlain by sediments characteristic of passive-margin settings (limestone, dolomite). In contrast, Cordilleran-type ophiolites (e.g., Coast Range ophiolite of California, Trinity ophiolite, Cape Vogel) are associated with active continental margins and typically are underlain by accretionary complexes and overlain by clastic sediments deposited in a forearc basin setting (turbidites, mudstones, conglomerates).
Tethyan-and Cordilleran-type ophiolites are similar in that both types commonly display complete or near complete ophiolite stratigraphy (as defi ned by Penrose Conference Participants, 1972) , are relatively intact structurally, and are characterized by suprasubduction-zone lava compositions (e.g., Shervais, 2001 ). Thus, we infer that both Tethyan-and Cordilleran-type ophiolites form in the upper plates of subduction zones and differ largely in their mode of emplacement (Fig. 17) . Tethyan-type ophiolites represent obduction of forearc lithosphere onto a passive continental margin during the attempted subduction of the passive margin (Figs. 17A-17D) . A variation on the normal Tethyan type of ophiolite is found in the Alps, where the upper-plate ophiolite represents tectonically thinned continental lithosphere that has not been signifi cantly modifi ed by arc volcanism (Frisch et al., 1994) . Cordilleran-type ophiolites are emplaced by "accretionary uplift" (Shervais, 2001) , where continued growth of the underlying accretionary complex gradually lifts the overlying forearc ophiolite assemblage-there is typically no collision with a passive continental margin (Figs. 17E-17H) .
We commonly fi nd ancient rock assemblages with geochemical and petrologic characteristics that resemble true oceanic crust formed at mid-ocean-ridge spreading centers or intraplate oceanic islands as dismembered, incomplete fragments within subductionzone accretionary complexes. Complete ophiolite sections are unknown in these complexes, and gabbro is rare, but volcanic rocks overlain by chert and associated with mantle-derived peridotite (now serpentinite) are common. In all cases, the volcanic rocks associated with these complexes are geochemically equivalent to N-MORB, E-MORB, or OIB; arc-like suprasubduction-zone vol-canics are rare or nonexistent. Examples of this category include fragments of oceanic crust found in the Franciscan assemblage (e.g., Shervais, 1990 Shervais, , 2006 MacPherson et al., 1990) and in the Apennines (Rampone and Piccardo, 2000) .
These dismembered fragments represent ocean crust formed either at mid-ocean-ridge spreading centers or on off-axis seamounts or plateaus. Unlike suprasubductionzone ophiolites, these ophiolite remnants are never complete stratigraphically. The scarcity of gabbro in accretionary complexes suggests that they may preferentially sample oceanic crust formed near fracture zones, where mantle serpentine is exposed on the seafl oor and volcanic rocks may be erupted directly onto serpentine, with no other intervening crust (e.g., Coleman, 2000) . Off-axis seamounts or oceanic plateaus are not well anchored structurally to the underlying seafl oor, and they may also be preferentially detached during subduction and emplaced within the accretionary complex. One characteristic of these Franciscan-style accretionary complexes is that they sample material with a wide range in ages and are assembled over a prolonged time period during continuous subduction of the subjacent oceanic lithosphere (Shervais, 2006) .
A variation on the classic Franciscan-style accretionary complex is found in Cyprus and Oman, where alkali basalt seamounts and fringing reefs associated with rifting of the passive margin are scraped off the subducting plate during collision between the ophio lite and the passive margin. These detached seamounts are mixed into the adjacent passive-margin sediments to form a schüp-penzone beneath the ophiolite; examples include the Mamonia complex and Ayia Varvara Formation in Cyprus ( Malpas et al., 1992 ( Malpas et al., , 1993 Robertson and Xenophontos, 1993) and the Oman exotics within the Hawasina nappes (Robertson, 1986; Bechennec et al., 1988) . These complexes sample seamounts that formed (E) Suprasubduction zone (SSZ) ophiolite forms over sinking slab; sinking of slab slows as spreading center is approached. (F) Ophiolite encounters the spreading center; ophiolite formation stops, and the basal part of the ophiolite is thermally metamorphosed by high heat fl ux from the thin lithosphere near the ridge crest. (G) Sediments deposited in the subduction-zone trench are subducted to form an accretionary prism beneath the leading edge of the ophiolite; abyssal sediments and volcanic rocks scraped off the subducting oceanic plate may be included in the accretionary prism, which is dominated by juvenile detritus from the upper plate. (H) The accretionary prism continues to grow and thicken, exhuming the leading edge of the ophiolite. over a limited time period during initial rifting of the passive margin; the complexes themselves were formed during closure of the ocean basin that was created during this rifting event. Sturm et al. (2000) proposed that oblique subduction of a spreading center will result in suprasubduction zone-type enrichments of the spreading center magmas due to sublithospheric fl ow through the "slab window," as discussed earlier (ridgetrench-trench junction model). They also suggested that oblique subduction of the two plates bordering the spreading center creates a setting favorable for ophiolite emplacement, as shown by the Taitao ophiolite complex (Stern, 1980) . In this model, the fi rst slab to be subducted (on the trench side of the spreading center) is stranded in the subduction zone, and the second slab (from the opposite side of the spreading center) is subducted beneath iteffectively stepping the subduction zone farther outboard from the arc. They further suggested that this model may apply to suprasubduction-zone ophiolites like Semail and Bay of Islands (Sturm et al., 2000) .
A geochemical assessment of this model has already been presented; we present here a geometric assessment. This model implies that the ophiolite will be emplaced structurally beneath a pre-existing island arc and may be separated from the overlying arc by an accretionary complex. Should this arc collide with and subduct a passive margin (e.g., Tethyan ophiolites), the ophiolite will be a small part of the total package; the older arc and its accretionary complex will dominate. This is not observed in Semail, Troodos, or any other Tethyan-type ophiolites; in contrast, these ophiolites are overlain stratigraphically by postcollisional platform sediments (e.g., Glennie et al., 1974) . There is no evidence for an older arc complex that structurally overlies the "pseudo-suprasubduction-zone" ophiolite.
The ridge-trench-trench model may apply to some Cordilleran-type ophiolites, which often have older arc complexes behind them. Unfortunately, most Cordilleran-type ophio lites are overlain by thick accumulations of forearc basin sediment, which obscures primary tectonic relationships. In this case, detailed chemical/petrologic studies must be applied.
HISTORICAL CONTINGENCY REDUX
At the beginning of this paper, we presented a summary of the main precepts of the historical contingency model, as proposed by Moores et al. (2000) . In this section, we assess the applicability of each of these precepts to ophiolite generation, guided by our exploration of modern tectonic settings and the rocks that form them.
Asthenosphere Modifi ed by a Previous Subduction Event
This represents one of the central precepts of the historical contingency model. The only clear example we have of this process in the recent geologic past is the Woodlark basin in the southwest Pacifi c. Collision of the Ontong Java plateau with the Solomon arc along a SW-dipping subduction zone stalled subduction of the Pacifi c plate and forced the inception of a new NE-dipping subduction zone that consumed the former back-arc basin. As discussed previously, the geochemistry of basalts from the Woodlark basin is typical of back-arc basin basalts: they are generally MORB-like in composition but have a faint subduction-zone signature in the more mobile large ion lithophile elements, such as Pb.
In any case, basalts formed in such a setting still face the problem of emplacement: how do you move dense rocks from the lower plate of a subduction zone onto a passive margin (obduction) or place them above an accretionary prism (accretionary uplift) without violating the laws of physics? Like true mid-ocean-ridge basalts, back-arc basin basalts that are subducted beneath their parent arc due to a subduction polarity fl ip are unlikely to be preserved, except as small fragments and slivers within the accretionary complex of the subduction zone.
Formation of a Slab Window Where Ridges Are Subducted Orthogonally or Obliquely
The Chile and Juan de Fuca spreading ridges are modern examples of this process. As discussed earlier, in both of these ridges, the dominant geochemical signature is that of E-MORB enrichment, which is unrelated to their position adjacent to a subduction zone. Subduction enrichment in large ion lithophile elements is minimal and superimposed on the dominant E-MORB enrichment. Thus, while this process may inject small volumes of subduction-enriched mantle into the spreading center, it is not suffi cient to create the dominant pattern documented here of depletion in the more incompatible elements relative to N-MORB, strong negative anomalies in Nb and the other high fi eld strength elements, and signifi cant enrichments in the fl uidmobilized large ion lithophiles/low fi eld strength elements.
Dynamically, there is some merit to the suggestion that subduction of a spreading axis may allow ridge segments to be more easily emplaced onto a continental margin: the spreading axis forms a discontinuity that allows the more distal plate to be thrust under the more proximal plate (which enters the subduction zone fi rst), potentially trapping the proximal plate above a newly confi gured subduction boundary. Geometrically, this model implies that the trapped portion of the proximal plate will be preserved beneath a volcanic arc and its previous accretionary complex. Few, if any, ophiolites preserve this geometry: for example, the Coast Range ophiolite of California lies above the Franciscan accretionary complex, not below it, and it is overlain depositionally by arc-derived sediments. Seismic tomography shows that during most ridge-trench collisions, both sides of the spreading axis are subducted and sink into the mantle (e.g., Rogers et al., 2002) . If fragments of oceanic crust are emplaced in this way, it is probable that they will be preserved within the accretionary complex as large mélange blocks. It is more likely that the slab window allows MORB-source asthenosphere to affect the mantle wedge above the subduction zone, infl uencing the compositions of the resulting arc magmas (Shervais et al., 2004 (Shervais et al., , 2005a (Shervais et al., , 2005b Sisson et al., 2003 , and papers therein).
Subducted Slab Component-The Fate of Old Plates
Numerical models of mantle dynamics suggest that chemical and isotopic heterogeneities related to subduction of oceanic lithosphere may persist on extremely long time scales (e.g., Kellogg et al., 1999) . It has been known for some time that subducted slabs may remain distinct parts of the mantle, with chemical and isotopic systematics that differ from the surrounding MORB-source asthenosphere. These slabs have been imaged by seismic tomography as cooler, higher-velocity regions in the mantle (Rogers et al., 2002) . However, these subducted slabs do not represent the subduction component that modifi es the source region of suprasubduction-zone magma systems (arcs and ophiolites). Lithospheric slabs that are subducted deep into the mantle represent the residues that remain after extraction of the fl uid-rich component that carries silica, alkalis, and the large ion lithophile/low fi eld strength elements into the mantle wedge above the subduction zone. This residual slab component is enriched relatively in the incompatible elements that are not mobilized in high-temperature fl uids, i.e., the high fi eld strength elements such as Ti, Nb, Ta, Hf, and Zr.
Trace-element systematics suggest that many OIBs form largely by the remelting of recycled oceanic lithosphere and depleted MORB-source asthenosphere (e.g., Hofmann, 1982; Weaver, 1991) . In addition, ridge-centered oceanic islands like Iceland and the Azores infl uence the composition of spreading center basalts by introducing these same components into the melting zone by fl ow along sublithospheric conduits (Schilling, 1973) . As a result, basalts erupted along mid-oceanic ridges vary in chemical and isotopic composition from "normal" N-MORB to "enriched" E-MORB to true OIB at the ridge-centered oceanic islands. In this context, the OIB-style "enriched" basalt refers to a general enrichment in incompatible trace elements including both LILE and HFSE, not to the fl uid-mobilized, LILE enrichment seen in suprasubduction-zone processes. This distinction is important, because much of the historical contingency model rests on the defi nition of enrichment. In subduction-zone enrichment, there is a strong decoupling between LILEs (which are mobilized by aqueous solution and transferred from the subducted slab to the mantle wedge) and HFSEs (which are insoluble in hydrous fl uids and remain in the slab). The OIB-style enrichment is mobilized by silicate melts; LILE and HFSE are not decoupled, but the enrichment sources (old slabs) were previously depleted in LILE (subduction) components. In effect, the enriched component found in OIB and E-MORB is the result of subduction, but it represents the complement to that found in the fl uid-fl uxed mantle wedge above a subduction zone. The processes that affect the mantle wedge defi ne what most geologists refer to as subductionzone enrichment.
Isotopic Components in Ocean-Island Basalts
Ocean-island basalts (OIBs) contain a number of distinct isotopic components (DMM, HIMU, EM1, EM2, PREMA/ FOZO) that represent the persistence of long-term trace-element heterogeneities in the mantle (Zindler and Hart, 1986; Hart, 1988 ) generated by subduction recycling. As discussed already, the long-term trace-element heterogeneities that are responsible for the isotopic components found in OIB and MORB result from the decoupling of incompatible trace elements that are mobilized in hydrous slab-derived fl uids to fertilize the overlying mantle wedge from those elements that are not mobilized in high-temperature hydrous fl uids and thus remain behind in the slab. Some of these components may represent sediments that are carried deep into the subduction zone and recycled into the mantle, but all differ from the short-term enrichments in silica, alkalis, and low fi eld strength elements that are characteristic of suprasubduction magma systems. Thus, the fact that MORB and OIB preserve isotopic evidence for a range of trace-element enrichment processes is irrelevant to any discussion of the origin of suprasubduction-zone magmas, except where these sources may be trapped in the mantle wedge above a subduction zone and participate in the formation of arc-related magmas.
Models for Mid-Ocean-Ridge Processes
The historical contingency model requires us to believe that the only oceanic crust preserved intact is that formed over previously modifi ed lithosphere; ocean crust formed from normal or plume-enriched MORB asthenosphere that has not been modifi ed by these cryptic subduction-like enrichment processes is not preserved as ophiolites, even though >98% of all oceanic crust today is normal or plume-enriched MORB with less than 52 wt% silica.
The historical contingency model uses isotopic heterogeneities in the modern mantle refl ected in data from OIB, coupled with models of mantle dynamics, to argue that during certain periods of Earth history, mid-ocean-ridge magma systems could have tapped subduction-modifi ed mantle, yielding basalts with supra subduction zone-like compositions. Implicit in this argument is the assumption that the present is not one of those periods of Earth history; in other words, modern mid-ocean ridges presently do not tap the type of subduction-modifi ed mantle represented by OIB isotopic data. Our review of recently published trace-element and isotopic data from active mid-ocean ridges, however, refute this implicit assumption. Although the modern MORB data set refl ects the same isotopic variations observed in OIB, variations attributed to contributions from subducted oceanic lithosphere, these mid-ocean-ridge basalts do not exhibit the suprasubduction zone-like, LILE enrichments seen in either modern subductionzone basalts or in the suprasubduction-zone ophiolite record. What these basalts do show are OIB-style enrichments, i.e., a coupled LILE-HFSE enrichment, as discussed already.
DISCUSSION
The issues raised by the hypothesis of "historical contingency" and our discussion here are not trivial. What is at stake? Our reconstructions of global tectonics before the current ocean basins formed depend critically on how we interpret the ophio-lite record. Even suprasubduction-zone ophiolites require the existence of an ocean basin for their formation, but the details of mountain-building events and relations between allochthonous sheets in complex orogens hinge on whether a given ophio lite assemblage represents true "oceanic crust" formed at a midocean-ridge spreading center, back-arc basin crust formed behind an arc, or suprasubduction-zone crust formed over a nascent subduction zone. These issues are particularly important for people who are not involved in the debate on how ophiolites form, but who use ophiolites to reconstruct the tectonic history of orogens. How do they know which model of ophiolite formation is correct, and how will it affect their interpretation of ophiolite assemblages in their fi eld area? Researchers who are not involved in this debate may be easily misled by hypotheses that appear sound, but which do not have the data to sustain them. The ability to use suprasubduction-zone ophiolites as natural laboratories for studying the initial composition of new subduction zones is also at stake; much of that record is found in suprasubduction-zone ophiolites formed at nascent forearc settings (Stern, 2004) .
We must ask whether the term "ophiolite" is descriptive or genetic. If it is descriptive, then rock assemblages that fi t the description may form from a variety of processes, and the evidence for these processes can be applied to any assemblage that fi ts the description. If it is genetic, then we must thoroughly understand the origin of any given assemblage before we can consider whether this term applies. If we take the genetic approach, then most of the rock suites we call "ophiolites" would have to be renamed, because their petrology, geochemistry, and structural setting are at odds with the interpretation that they represent oceanic crust formed at a mid-ocean-ridge spreading center.
We return to our suggestion that a new formulation of the "ophiolite conundrum" is needed: Given that many, if not most, ophiolites have geochemical signatures consistent with formation above active subduction zones, under what circumstances does this setting result in rock associations and structures consistent with those observed in ophiolites? Recent work in volcanic arcs of the western Pacifi c has shown that intra-arc rifting of existing primitive arcs (e.g., Vanuatu) and rifting associated with the onset of subduction (e.g., the Eocene Mariana-Izu-Bonin system) may form rock assemblages similar to those observed in ophiolite complexes (Bloomer et al., 1995; Hawkins, 2003; Fryer et al., 2000) . These assemblages may represent up to 100% extension of the pre-existing crust over broad areas and may be starved of clastic sediments other than windborne volcanic ash. They also consist of volcanic and plutonic assemblages that have the petrologic and geochemical characteristics of suprasubduction-zone magmas, including boninites, which appear to form only within the forearc regions of highly extended arcs.
Finally, we emphasize that it is not just the geochemistry of ophiolite volcanic rocks that requires their formation in suprasubduction environments. The evidence for hydrous magmatic systems, hydrous melting, and the common occurrence of volcanic ash in overlying cherts are consistent with an original suprasubduction-zone setting for these ophiolites and are inconsistent with formation at a mid-oceanic spreading center. More importantly, the structural setting of ophiolites during emplacement requires that they formed in the upper plate of a convergentmargin system. In fact, based on their structural setting alone, we would be forced reach this conclusion (e.g., Gealey, 1977) .
